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1Almost Time-Independent Performance in
Time-Modulated Linear Arrays
L. Manica, P. Rocca, L. Poli, and A. Massa,
Abstract
This letter deals with the optimization of the switch-on instants of the radio-frequency (RF) switches used for the synthesis
of time-modulated linear arrays. It is shown that these additional degrees of freedom allow one to increase the stability of the
pattern instantaneously radiated by the antenna. Representative results, obtained by means of a Particle Swarm Optimization, are
reported and discussed.
Index Terms
Time Modulated Linear Arrays, Pattern Synthesis, Particle Swarm Optimization.
I. INTRODUCTION
The synthesis of time-modulated arrays considers the antenna elements equipped with a set of RF switches used to enforce
a time-modulation to the static array excitations [1]. This technique has been first considered to radiate average low and
ultra-low sidelobe patterns for radar applications [2]. Successively, time-modulated arrays have been proposed for wireless
communication purposes (e.g., [3]). More recently, some studies have been carried out to extend the range of application
of the time modulation principles to other antenna synthesis problems thus renewing the interest towards this topic. In [4],
the synthesis of difference patterns has been addressed time modulating a limited number of elements of a two-section array
affording a sum pattern. A theoretical analysis and a successive experimental validation on the application of time modulation
to the synthesis of adaptive absorbers have been discussed in [5]. Moreover, different switching strategies have been presented
in [6] to show how it is possible to suitably control the radiation patterns at harmonic frequencies.
Besides several positive features, modulating the element excitations by means of a sequence of time pulses generates
undesired harmonic radiations (the so-called sideband radiations (SRs) [7]), which unavoidably affect the performance of
time-modulated array antennas, thus limiting their practical applicability. To minimize the power losses in the SRs, effective
approaches based on evolutionary algorithms have been proposed [8][9][10][11]. Concerning the applicability issues, a careful
analysis has been carried out in [7] where suitable conditions for information transmission, and not only radar detection, have
been formalized, as well.
This letter is aimed at further investigating the properties of time-modulated arrays by showing and discussing the results
obtained when additional degrees of freedom are considered in the synthesis process. More specifically, the switch-on instants
of the RF switches are set by means of a Particle Swarm (PS) [12] procedure to optimize the pulse sequence of the array
element excitations. Starting from a synthesis problem dealing with time-averaged radiating performances, some hints on how
the antenna instantaneously behaves are given.
The outline of the letter is as follows. Section 2 gives the mathematical formulation of the problem at hand and the synthesis
procedure is described, as well. A set of results is reported and discussed (Sect. 3) to point out some features of time-modulated
arrays marginally considered so far. Eventually, some conclusions are drawn in Section 4.
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2II. MATHEMATICAL FORMULATION
The array factor of a time-modulated linear array (TMLA) of N -elements located along the z-axis can be expressed as [2]
F (θ, t) = ejωt
N−1∑
n=0
αnUn (t) e
jβzn cos θ (1)
where ω is the carrier angular frequency, αn = Anejϕn is the n-th complex excitation coefficient, and zn is the position of the
n-th element. Moreover, β = ω
c
is the wavenumber of the background medium, c being the speed of light in vacuum, and θ is
the angular position with respect to the array axis. The static excitation coefficients, αn, n = 0, ..., N−1, are time-modulated by
applying RF switches to the input ports of the array elements. The n-th periodic rectangular function, Un (t), n = 0, ..., N −1,
of period Tp, has a value equal to Un (t) = 1 (i.e., the switch-on time) for a time step of duration Tpτn = t2n − t1n, such that
τn ∈ [0, 1], n = 0, ..., N − 1, and to Un (t) = 0 (i.e., the switch-off time) for the remaining part of the period. The values t1n
and t2n, n = 0, ..., N − 1, are the switch-on and the switch-off instants of Un (t). Moreover, the condition 0 ≤ t1n ≤ t2n holds
true.
By expanding the periodic functions in terms of their Fourier series
Un (t) =
∞∑
h=−∞
uhne
jhωpt (2)
where uhn = 1Tp
∫ Tp
0
Un (t) e
−jhωptdt and ωp = 2piTp , Equation (1) can be rewritten as an infinite combination of components
radiated at harmonic frequencies spaced by hωp and centered at the carrier angular frequency ω [7]:
F (θ, t) =
∞∑
h=−∞
ej(ω+hωp)t
N−1∑
n=0
αnuhne
jβzn cos θ. (3)
Dealing with isophoric arrays having αn = 1, n = 0, ..., N − 1, the average pattern at the carrier frequency (h = 0) is given
by
F0 (θ, t) = e
jωt
N−1∑
n=0
u0ne
jβzn cos θ (4)
where u0n = t
2
n−t
1
n
Tp
= τn. It is then possible to synthesize a nominal average pattern at the carrier frequency by means of a
suitable choice of the τn, n = 0, ..., N − 1, values [2][8][10]. On the other hand, the coefficients of the so-called sideband
radiations (h 6= 0) are given by
uhn =
e−jhωpt
1
n − e−jhωpt
2
n
j2pih
, n = 0, ..., N − 1, (5)
and, after simple mathematical manipulations, they turn out being expressed as
uhn = τnsinc (pihτn) e
−jpih
„
τn+2
t1n
Tp
«
(6)
if 0 ≤ t
1
n
Tp
≤ (1− τn) and
uhn =
1
pih
{
sin
[
pih
(
1−
t1n
Tp
)]
e
−jpih
„
1+
t1n
Tp
«
+
+sin
[
pih
(
t1n
Tp
+ τn − 1
)]
e
−jpih
„
t1n
Tp
+τn−1
«} (7)
if (1−τn) < t
1
n
Tp
≤ 1, respectively. As it can be observed in (6) and (7), the coefficients uhn = F(τn, t1n), h 6= 0, n = 0, ..., N−1,
are function of the pulse durations τn, n = 0, ..., N − 1, and of the switch-on instants, t1n, n = 0, ..., N − 1.
Let us assume that the switch-on times are set to some suitable values τn = τ˜n, n = 0, ..., N − 1, to afford a user-defined
average pattern at ω (4). As regards to the switch-on instants, t1n, n = 0, ..., N−1, they can be considered as additional degrees
of freedom in order to optimize other properties of the antenna under analysis. For example, they are optimized by means of
a PS-based strategy [12] to minimize the following functional
3TABLE I
VALUES OF THE SWITCH-ON TIMES AND SWITCH-ON INSTANTS OPTIMIZED BY MEANS OF THE PS STRATEGY.
N = 16 N = 30
n τDCn
t1n
Tp
n τSAn
t1n
Tp
8 1.000 0.256 1 0.065 0.599
9 0.953 0.740 3 0.076 0.461
10 0.864 0.661 4 0.072 0.583
11 0.744 0.426 5 0.065 0.815
12 0.603 0.594 6 0.880 0.514
13 0.458 0.300 23 0.965 0.823
14 0.319 0.629 27 0.171 0.580
15 0.295 0.978 28 0.473 0.000
− − − 29 0.976 0.812
Ψ
(
t1n
)∣∣
τ˜n
=
{
H
[
SBLdes − SBL(h)
(
t1n
)] ∣∣∣∆(h)SBL (t1n)∣∣∣2
}∣∣∣∣
h=1
(8)
aimed at quantifying the matching between the sideband level1 of the actual solution, SBL(h) = SBL (ω0 + hωp), and a
desired level, SBLdes. Moreover, ∆(h)SBL
(
t1n
)
=
SBLdes−SBL(h)(t1n)
SBLdes
and H(·) is the Heaviside step function. Towards this
end, a standard version of the PS, as that detailed in [13], is used because of its reliability in dealing with real unknowns.
III. NUMERICAL RESULTS
In order to evaluate the performance of the array antenna when considering the optimization of the switch-on instants, a
selected set of numerical results is reported to compare the arising patterns and their time-stability. The discussion is not
focused on the analysis of the time averaged performance, but it is devoted to point out the behavior of the radiated pattern at
different instants within the modulating period Tp, whether the pulse-shifting is present or not. In such a case, it is still possible
to consider the classical pattern features (e.g., the maximum level of the secondary lobes, SLL, the main lobe beamwidth,
BW , and the peak directivity, Dmax, [14]) for an heuristic analysis of the antenna performances. As far as the PS procedure
is concerned, a swarm of 10 particles have been used and the control parameters have been set to w = 0.4 (inertial weight)
and C1 = C2 = 2 (cognitive and social acceleration coefficients).
The first experiment deals with an antenna array of N = 16 elements equally-spaced of d = λ2 . Time modulation is used
to synthesize at the central frequency, h = 0, an average pattern equal to a Dolph-Chebyshev pattern with SLL = −30 dB.
According to the result in [6], the time pulses have been chosen to start coherently (i.e., t1n = 0, n = 0, ..., N−1) and the values
of the normalized switch-on times have been set to the values τn = τDCn , n = 0, ..., N−1, computed as in [15] and reported in
Tab. I where, for symmetry, only half array is considered. The power losses due to the SRs [7] of such an arrangement amount
to 24.2% of the total input power. As regards to the antenna behavior in correspondence with fractions of the modulating
period Tp, the directivity patterns radiated at tTp = {0.1, 0.4, 0.7, 1.0} are shown in Fig. 1, where the switch insertion loss
present in actual feed networks is neglected. As expected, the instantaneous patterns differ from the Dolph-Chebyshev one and
the antenna performances depend on the number of active elements at the sampling instant. With reference to Fig. 1, it can be
noticed that starting from t
Tp
= 0, when all the array elements are turned on, the efficiency of the array gets lower and lower
since the elements are successively switched off. Such a monotonically decreasing behavior can be avoided by optimizing
the switch-on instants, t1n, n = 0, ..., N − 1, and keeping the pulse durations fixed to those of the Chebyshev distribution
(τ˜n = τDCn , n = 0, ..., N − 1). The PS-optimized values of t1n, n = 0, ..., N − 1, are given in Tab. I. Thanks to this operation,
the number of switched-on elements at each instant of Tp is kept almost constant as well as the radiated patterns (Fig. 2) .
Such an event is further confirmed by the behavior of the pattern indexes in Figs. 3(a)-3(b) and related to Dmax, SLL, and
BW throughout the modulation period, respectively. For completeness, the statistics (minimum, maximum, mean values and
1The highest level of each h-th harmonic pattern with respect to the peak value radiated at the carrier frequency.
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Fig. 1. Experiment 1 (N = 16, d = 0.5λ) - Plots of the directivity patterns obtained at the carrier frequency when sampling the current distribution on the
array aperture at t
Tp
= {0.1, 0.4, 0.7, 1.0} for the DC solution.
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Fig. 2. Experiment 1 (N = 16, d = 0.5λ) - Plots of the directivity patterns obtained at the carrier frequency when sampling the current distribution on the
array aperture at t
Tp
= {0.1, 0.4, 0.7, 1.0} for the solution obtained by means of the PS technique.
variance) of the data in Fig. 3 are reported in Tab. II. Although the maximum available directivity (i.e., Dmax = 12.04 dB)
is never achieved when using the pulse-shifting approach, it is worth noticing that the mean value is greater than that of the
original case (av {Dmax}PS = 10.17 dB vs. av {Dmax}DC = 9.47 dB) and, more important, the directivity value is much
more stable (var {Dmax}PS = 0.59 dB vs. var {Dmax}DC = 7.53 dB). Differently, the DC solution starts at t = 0.0 from
a maximum value of the directivity, Dmax
(
t
Tp
= 0.0
)
= 12.04 dB, while only the two central elements are “on” at t = Tp
when the minimum value of directivity is obtained, Dmax
(
t
Tp
= 1.0
)
= 3.01 dB. Similar conclusions arise from the analysis
of the behavior of both the SLL and the BW [Fig. 3(b) - Tab. II]. It is worth pointing out that the mean value and variance
of the SLL of the DC solution cannot be computed when t
Tp
= 1.0 (i.e., SLL = −∞) because of the absence of secondary
lobes. For completeness and in order to have some insights on the effects of mutual coupling (MC) interferences on the
antenna aperture, the pattern obtained with the PS configuration at t
Tp
= 0.1 for an array of λ/2 dipoles of radius 0.002λ is
TABLE II
Experiment 1 (N = 16, d = 0.5λ) - STATISTICS OF THE PATTERN INDEXES FOR THE SOLUTIONS WITHOUT (DC ) AND WITH (PS) OPTIMIZED
SWITCH-ON INSTANTS.
Feature Dmax [dB] BW [dB] SLL [deg]
Method DC PS DC PS DC∗ PS
min {·} 3.01 9.03 6.35 6.75 −∞ −12.16
max {·} 12.04 10.79 59.90 9.60 −11.30 −6.66
av {·} 9.47 10.17 15.57 8.07 − −9.80
var {·} 7.53 0.59 229.31 0.86 − 3.63
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Fig. 3. Experiment 1 (N = 16, d = 0.5λ) - Values of (a) Dmax and of (b) SLL and BW for the DC solution and the solution obtained by means of
the PS technique when sampling the current distribution on the array aperture at each tenth of the modulation period Tp.
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Fig. 4. Experiment 1 (N = 16, d = 0.5λ) - Directivity patterns obtained for a dipole array with and without mutual coupling at t
Tp
= 0.1.
reported in Fig. 4. The MC has been evaluated by considering two different impedance conditions (i.e., the perfect matching
and the open circuit conditions) for the elements which are off.
In the second experiment, the same synthesis problem dealt with in [10] by means of an approach based on Simulated
Annealing (SA) has been considered. A uniform linear array of N = 30 elements spaced of d = 0.7λ is considered where
only 9 elements of the whole architecture are time-modulated. Analogously to the previous example, the durations of the time
pulses have been set to those in [10] (i.e., τ˜n = τSAn , n = 0, ..., N − 1) and given in Tab. I. In this case, the percentage of
power losses due to SR is 3.9%. Once again, notwithstanding the reduced number of time-controlled elements, the plots in
Figure 5 and the statistics in Tab. III, assess that the optimization of the switch-on instants (Tab. I) can be profitably exploited
to keep the characteristics of the radiated pattern more stable during the modulation period Tp.
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Fig. 5. Experiment 2 (N = 30, d = 0.7λ) - Values of (a) Dmax and of (b) SLL and BW for the DC solution and the solution obtained by means of
the PS technique when sampling the current distribution on the array aperture at each tenth of the modulation period Tp.
TABLE III
Experiment 2 (N = 30, d = 0.7λ) - STATISTICS OF THE PATTERN INDEXES FOR THE SOLUTIONS WITHOUT (DC ) AND WITH (PS) OPTIMIZED
SWITCH-ON INSTANTS.
Feature Dmax [dB] BW [dB] SLL [deg]
Method DC PS DC PS DC PS
min {·} 13.42 13.62 3.38 3.56 −18.42 −18.42
max{·} 14.77 14.31 3.98 3.98 −13.23 −14.87
av {·} 13.91 13.94 3.82 3.79 −17.25 −17.09
var {·} 0.11 0.03 0.03 < 10−3 2.80 1.44
IV. CONCLUSIONS
In this letter, the effects of the optimization of the switch-on instants in time-modulated linear arrays have been analyzed and
discussed. It has been shown that such an additional control positively affects the instantaneous performance of the radiation
pattern. A set of results obtained through a PS-based technique has been reported to support such a conclusion.
Starting from this preliminary study, further investigations will regard the analysis of time-modulated arrays when dealing
with more realistic scenarios and the presence of interference signals.
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